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SECTION 1
INTRODUCTION

BACKGROUND

The results of an analysis of two pretest calculations of HARD PAN I, Event 3,
HPI-3.1 and 3.2 (ref. 1) were presented at a meeting on 23 and 24 June 1976 at
the Air Force Weapons Laboratory, with representatives from the Air Force Weap-
ons Laboratory (AFWL), the Space and Missile Systems Organization (SAMSO), TRW
Systems (TRW), the Waterways Experiment Station (WES), Weidlinger Associates,
and the Civil Engineering Research Facility (CERF) in attendence. The purpose
of this meeting was to review the analytical results and to establish the best
available material properties, geology, and BLEST/HEST pressure functions for
posttest calculations of HARD PAN I Event 3. The following is a summary of
the conclusions and recommendations reached at the end of this two-day meeting:
(1) The BLEST pressure function is accurately modeled based on
the 1imited number of experimental stress records.
(2) HEST pressure records indicate that the pressure/time history
should be changed to accurately reflect the experimental data,
and new HEST pressure equations should be deveioped.
(3) New material models and geology which would emphasize labora-
tory tests performed on undisturbed samples, field boring
logs, seismic field investigations, and WES recommendations
should be established.

These recommendations were incorporated into a posttest calculation designated
HPI-3.3 (ref. 2). This calculation was then compared to the experimental data.
Some of the calculated data correlated better, but overall quality did not sig-
nificantly improve over the pretest predictions. CERF then undertook an analysis

- . — :
- e e o 5 T 2 3 i e ‘
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1. Baird, Glenn T., Rudeen, David K., and riggins, Cornelius J., Pretest, Two-
Dimensional, Free-Field Calculation of HARD PAN I, Event 3: Calculations
HPI-3.1 and 3.2, DE-TN-77-002, Air Force Weapons Laboratory, Kirtland Air
Force Base, New Mexico (to be published).

2. Rudeen, David K., Post-Test, Two-Dimensional, Free-Field Calculation of
HARD PAN I, Event 3: Caleulation HPI-3.3, DE-TN-77-003, Air Force Weapons
Laboratory, Kirtland Air Force Base, New Mexico (to be published).
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of the experimental data stressing time-of-arrival of first motion to derive
seismic properties and a geology for a second posttest calculation (HPI-3.4).

OBJECTIVE

The purpose of posttest calculation HPI-3.4 was two-fold: (1) to generate
free-field boundary input to the Three-Dimensional, Structure/Media Interaction
(SMI3D) Code used to calculate structural response, and (2) to improve the cap-
ability and accuracy of calculating the free-field environments of actual ex-
perimental tests.

SCOPE

The input for the two pretest calculations (ref. 1) was based on experimental
design imptise loadings, geology and seismic velocities determined by boring

i logs and seismic refraction and uphole surveys (ref. 3), and material models

; from one-dimensional iterations (ref. 4). A comparison of the pretest predic-
ted response and the actual field response was necessary to determine the ac-
curacy of the pretest information and how the code input could be modified to
better reflect the field conditions to improve the posttest calculation. Pre-

i liminary analysis of the experimental data and pretest calculations, HPI-3.1 and
3.2 (section 2), indicated that the input HEST pressure/time history was poorly
modeled in the pretest calculations and the first posttest calculation (HPI-
3.3) was performed with a more accurate pressure/time history input and some

& revised material properties. Comparison of the HPI-3.3 results with the exper-

4 i imental data indicated that the new input did not significantly improve the

; calculated responses. A detailed analysis was then performed on geologic pro-

) file data, material properties, field seismic data, and experimental data to
determine the most accurate and most representative input for calculation

RN

! 3. Pinker, Robert W., Capt., HARD PAN I-3 Geologic and Seismic Profiles,
memorandum, Air Force Weapons Laboratory, Kirtland Air Force Base, New
Mexico, 17 January 1975.

Y 4, Dzwilewski, Peter T., Lt., Stress-Strain Relationships for Hard Pan Soils
and Rocks, DE-TN-75-022, Air Force Weapons Laboratory, Kirtland Air Force
Base, New Mexico, December 1975.
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HPI-3.4 (section 3). Section 4 presents the results of the HPI-3.4 calculation
and the adjustment factors used to modify the calculated velocity/time histories
to improve their accuracy for input to the soil island of the SMI3D Code.

Calculations of HARD PAN I Event 3 were performed with TOODY II, a finite-
difference code that uses Lagrangian equations-of-motion to calculate two-
dimensional wave propagation in layered media (ref. 5). The code was developed
at Sandia Laboratories and modified by AFWL to calculate ground motions result-
ing from surface airblast loading. The constitutive relationship consists of
an incrementally elastic, ideally plastic equation-of-state, which is input in
the form of a hydrostatic stress/strain curve, yield criteria in terms of the
square root of the second invariant of deviator stress tensor versus mean nor-
1 mal stress, and Poisson's ratio.

e

5. Bertholf, L. D., and Benzley, S. E., TOODY II - A Computer Frogrzn for Two-
Dimensional Wave Propagation, SC-RR-68-41, Sandia Laboratories, Albuquerque,
A New Mexico, November 1968.
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SECTION 2
ANALYSIS OF PRETEST CALCULATIONS

AIRBLAST PRESSURE FUNCTIONS

In the pretest calculations, the airblast pressure/time history and propagation
velocity were designed to represent 30 msec of a 125-kt nuclear detonation at a
210-ft height-of-burst. Triangular pulses with an instantaneous initial stress
rise were used to model the BLEST pressure/time history. These pulses matched
the estimated impulse delivered to the soil and they were in approximate agree-
ment with the few available BLEST stress records from previous experiments. The
HEST region was modeled in more detail, with peak pressure and impulse designed
to match the nuclear detonation and an exponential decay. A polynomial equation
determined by a best-fit, fourth-degree curve through nuclear times-of-arrival
and ranges was used to define the airblast time-of-arrival at the surface for
the BLEST and HEST regions. This equation is as follows:

t, = 1.763E-3 + 3.8247E-6R + 2.8387E-8R? + 6.3368E-11R*® - 1.974E-14R*
where

t, = airblast time-of-arrival, sec

R = range from theoretical ground zero, ft

Analysis of the experimental data indicated that this equation was accurate for
the BLEST region, but that the HEST times-of-arrival would be better modeled by
a constant propagation velocity of 10,277 ft/sec (fig. 1). Therefore, for the
posttest calculations, the following equation was used to define the airblast
time-of-arrival in the HEST region:

_ R - 575
ta = (0,02324 + 07T

A comparison of input pressure functions in the BLEST region and a limited num-
ber of available uncorrected BLEST pressure records is shown in figure 2. It
can be seen that a triangular pulse roughly approximates the actual pressure/
time history, but sufficient BLEST pressure records were not available to dic-
tate a new pressure function. Figure 3 shows experimental design impulse zones
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and impulses calculated from the uncorrected BLEST pressure records. The agree-
ment between experimental and design iimpuise is good, and based on impulse cri-
teria no changes were made to the BLEST time nistories for the posttest calcu-
lations. The parameters describing the BLEST triangular pulses (table 1) are
used with the following equation to define the BL.EST pressure function:

P = PO(1.0 -T)

where
Po = peak pressure (varies with range; see tabie 1.)
T (¢ - t,)/ty

t = time from detonation, sec
ta = ajrblast time-of-arrival, sec
td = duration, sec

In the HEST region 13 pressure records were available for analysis and compar-
ison with the input HEST pressure function. Representative comparisons of ex-
perimental, pretest, and posttest HEST pressure/time histories are shown in
figure 4. The pretest pressure function has a lower peak pressure and a slower
initial decay than the experimental record; therefore, a new HEST pressure
function was developed for the posttest calculations. This new pressure

Table 1. BLEST Pressure/Time History Parameters

Range (R), | Peak Pressure (Po), Duration (td), Design Impulse (1),
ft psi sec psi-sec
190-305 4700 0.021 49.2
305-350 36C0 0.021 37.7
350-415 2750 0.021 28.7
415-460 2625 0.017 21.8
460-510 2575 0.013 16.9
510-545 2125 0.013 14.0
545-575 2900 0.008 12.0
10
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function is defined by two equations--one for the first millisecond after the
arrival of the airblast, the second for later times. These equations are as
follows: For tystet + 0.001

P = Po [0.185 + 0.815 exp(KTo)] [1.0 - To]
where
P0 = -4R + 5100, psi
K= 0.25R - 293.75
T0 = (t - ta)/O.IZS
t = time from detonation, sec
ta = airblast time-of-arrival, sec

and for ta + 0,001 < t < ta + 0.066
P = Pl[P.425 + 0.575 exp(-25T1% {1.0 - Tl}

where
P = -0.5R + 1487.5, psi
Tl = (t - t, - 0.001)/0.065
t = time from detonation, sec
ta = airblast time-of-arrival, sec

Peak pressure relationships for the BLEST and HEST regions are shown for the
centerline cross section in figure 5 for the pretest and post-test calculations.
The BLEST peak pressures are identical for the pretest and posttest calcula-
tions. The two pretest calculations (HPI-3.1 and 3.2) were identical, except
for the shear failure envelope used to define the material properties. The
results of these two calculations were similar, despite major differences

in the failure envelope, and thus only the HPI-3.2 results were compared with
the experimental data from this point.

FIRST-ARRIVAL CONTOURS

In using time-of-arrival contours as an analytical tool, it must be realized
that exact location of contours is very sensitive to the times selected from
the waveforms; first-arrival times, in particular, are sensitive to waveform
interpretation. For calculated waveforms the first motion is due to artificial
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viscosity, which causes the front of the wave to spread. To approximate the
actual arrival of the wavefront, the time of the inflection point of rise to
first peak was selected as the arrival time. With integrated accelerometer
data (i.e., experimental data), it is sometimes difficult to separate arrival
of the real signal from background noise. Therefore, contours are generally
used to examine trends in the wavefront rather than the precise location. A com-
parison of time-of-arrival contours of first motion is shown in figure 6. The
primary differences in first arrival appear to be caused by the low seismic
velocities for the wet clay (8 to 16 ft) and the limestone/shale (20 to 34 ft)
and the high seismic velocities for the upper limestone (16 to 20 ft) and shale
(46 to 52 ft) in the calculation, as evidenced by the headwave emanating from
this layer. For both the calculation and the experiment there is a headwave
generated by an outrunning signal at 52 ft; this indicates good agreement in
material models near this depth, although there is a delay of about 4 msec
caused by the upper layers. It should be noted that the calculation did not
pick up the initial upward motion associated with the headwave because of the
resolving power of the mesh. The headwave was established based on interpola-
tion between data points above and below the interfaces at which the outrunning
signals occurred.

PEAK VELOCITY ATTENUATIONS

Peak vertical and horizontal velocity attenuations with depth for the pretest
calculations are shown in figure 7 and in appendix A with peak velocities ob-
tained from integrated accelerometers.

Scatter of the experimental data with range and the few data records for the
upper 8 ft make evaluation of peak vertical velocity in this region difficult.
Peak vertical velocities at or near the surface appear to be high for calcula-
tion HPI-3.2, but rapid attenuation down to 8 ft brings them into better agree-
ment with depth, although they are still overpredicted when compared with the
experimental data. This is partially due to the inaccurate loading of the HEST
region in the pretest calculations.

Because of the extreme data scatter with range and scarcity of horizontal rec-
ords, only generalities about peak horizontal velocity attenuation can be made.
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Peak horizontal velocities were approximately 50 percent lower, but they im-
proved with range and depth and showed good agreement below 20 ft at the 725-ft
range. This agreement is misleading, however, since the HEST imparted excessive
impulse intb this region as compared with the experimental design. Correction
of the HEST loading tends to decrease associated peak horizontal velocities and
cause the calculation to deviate from the experimental data. Thus, new material
models which enhance horizontal motion are needed. This development is diffi-
cult and more importantly may involve problems with the elastic, ideally plastic
equation-of-state in the code. Based on reference 6, more accurate horizontal
velocities and improved resolution of minor wave effects can be expected from
the finer mesh used in the posttest calculations, but not of sufficient magni-
tude to bring calculated data into agreement with the experimental data.

WAVEFORMS

Waveform comparisons for representative target points generally support the
accumulative data shown by time-of-arrival contours and attenuation plots with
only minor exceptions due to nonhomogeneity of the test site. The most prom-
inent characteristic missing from the calculation and mentioned earlier is the
lack of an upward velocity associated with the headwaves induced by the out-
running signal (i.e., critically refracted wave). The headwave Tocation is de-
fined by interpolation between contours above and below this zone. Outrunning
i is evidenced by the arrival of a prominent horizontal motion prior to local in-
duced vertical motion. The upward pulse because of its short duration and re-
latively small magnitude cannot be detected on the waveform because of the res-
olution of the finite-difference mesh and the artificial viscosity parameter in
. the code.

' 6. Higgins, Cornelius J., and Rudeen, David K., Zffects of Zone Size, Aspect
¥ Ratto, and Artifieial Viscosity on the Accuracy of Ground-Motion Calcula-
tiong with Finite-Difference Codes, Technical Note, Air Force Weapons
Laboratory, Kirtland Air Force Base, New Mexico (in review).
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SECTION 3
INPUT PARAMETERS FOR CALCULATION HPI-3.4

GEOLOGY

Available 1iterature (refs. 1, 2, 3, 4, 7, 8, and 9) and the data obtained at
the June 1976 meeting were reviewed for geological layering, seismic informa-
tion, and material stress/strain properties. Presented in figure 8 are the
geologies recommended by various agencies, beginning with the pretest seismic
profile and concluding with the profile selected for calculation HPI-3.4. The
geologies are for the same datum elevation so that variation of the data can

be studied. Profile 1 is the pretest geology with seismic velocity determined
by field tests. Profile 2 is the geology used in pretest calculations HPI-3.1
and 3.2, and the velocities shown are the average propagation velocities which
resulted from the calculations, based on the shape of the hydrostat and the
pressure level experienced by the material. Profiles 3 and 4 are the geologies
at the centerline of the structure as suggested by WES in reference 7 and from
the June 1976 meeting, respectively. Profile 5 shows the boring at the CIST
test site, which is approximately 750 ft from the Event 3 site. Similarities
in the materials at the CIST site and N-3 boring were studied to determine

if CIST material properties could be used to define the same materials at

the Event 3 site. Profile 6 is the geology originally given in the HARD PAN

I Test Series report (ref. 8), and also later recommended by Capt. Pinker in
reference 9. The water table is shown at a depth of 14 ft. This was the level
of the phreatic surface as indicated by piezometric measurements made at the
test site and should not be interpreted as the boundary definition between dry

7. Ehrgott, John Q., Preshot Free-rield Calculational Properties for Project
HARD PAN I, Event 3, U.S. Army Engineer Waterways Experiment Station, Soils
and Pavements Laboratory, Vicksburg, Mississippi, March 1975.

8. Doran, J., HARD P41 I Test Series and Instrumentation Plans, AFWL-TR-75-249,
Vol. 1, Air Force Weapons Laboratory, Kirtland Air Force Base, New Mexico,
December 1975.

9. Pinker, Robert W., Capt., Geology and Seismology for the HARD PAN I Test
Site, Trading Fost, Xansas, Air Force Weapons Laboratory, Kirtland Air
Force Base, New Mexico (in preparation).
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and wet material. Because of capillary rise the effective water table (i.e.,
the elevation at which the material is considered to be 100 percent saturated
and defined by different material properties) will have a higher elevation.
Profile 7 resulted from the June 1976 meeting and was used in the first post-
test calculation (HPI-3.3). Profile 8 is the geology resulting from the de-
tailed analysis of the experimental data and consideration of profiles 1
through 7; it is believed to be the most representative geology of the site
at the structure. This profile is most closely related to profiles 2 and 7,
pretest geology and posttest geology, respectively. Differences between the
two profiles are as follows:

(1) location of the effective water table, which was established

by experimental first-arrival contours,

(2) removal of the soft shale at 20 to 24 ft,

(3) addition of the 2-ft-deep limestone layer at 32 to 34 ft, and

(4) elevation of basement composite to the 60-ft depth.

The seismic velocities shown in profile 8 are the velocities obtained from the
experimental first-arrival contours shown in figure 9. By knowing the inclin-
ation angles of the wavefronts with the horizontal and relating to Snell's Law,
the velocities for each layer were obtained by

sina1 C C1 /Aéxl Layer 1
sina,  C, c, o Layer 2
SRt c a3>/ Layer 3
sina3 C3 2

where

@, Q0 inclination angle of wavefront with the horizontal in
layers 1, 2, and 3, respectively

Cl, Cz, C3 = seismic velocity in layers 1, 2, and 3, respectively
The seismic velocity for the dry clay was determined by utilizing the propaga-
tion velocity of the airblast, setting a, = 90°, and graphically measuring the
inclination angle (az) on the experimental contours. A similar procedure was
used to determine the seismic velocities for the remaining layers. The velo-
cities were later used to establish the initial slope of the hydrostat, based

on the fact that first arrivals are determined by the seismic properties of
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the materials. If first arrivals could be calculated accurately, timing of
peaks and other waveform characteristics could be anaiyzed better. Cantours
were developed by the TOAC Program* with experimental seismic velocities and
the selected geology as input and compared with the experimental contours
(fig. 9) to verify the accuracy of the seismic velocities.

MATERIAL PROPERTIES

As part of the experimental analysis, new material properties were developed
from the results of the previous HARD PAN I calculations, CIST data and one-
dimensional iterations, WES laboratory data, and engineering judgment. These
new properties incorporated the following characteristics:

(1) the initial slope, seismic toe, of the hydrostat would correspond to
the seismic velocities determined by the experimental contours of
first arrivals,

(2) the seismic toe of the hydrostat would extend to a pressure level
consisten§ with models from CIST 13 and CIST 14 iterations (refs.
10 and 11),

(3) the unloading slope of the hydrostat would correspond to the seismic
velocity and agree with the initial loading slope (i.e., seismic toe),

(4) strain lock-up points would be consistent with previous models,

(5) the intermediate slope would extend from the seismic toe to the lock-
up point or would be determined by 64 percent of the seismic toe (80
percent of the seismic velocity); this was based on the CIST itera-
tions from references 10 and 11,

(6) materials located below the water table would have a minimum seismic
velocity of 5000 ft/sec, and

(7) failure surfaces would be determined by laboratory results (ref. 7).
The changes made to the material models for the HPI-3.4 calculation are dis-
cussed below; the final models are presented in figures 10 through 18.

*

The TOAC Program, based on Sneil's Law of Refraction, calculates time-of-
arrival from a point source,. from which first-arrival contours can be developed.
These contours are then used to develop contours for a moving source or airblast
along the surface by varying the location of the point source.

10. Fedock, Joseph J., CIST 14 Analysis and Derivation of Dynamic Properties
for Site M-28, Wing VI, Technical Note, Air Force Weapons Laboratory, Kirt-
land Air Force Base, New Mexico, in review (SRD).

11. Higgins, Cornelius J., CIST 13 Analysis and Derivation of Properties for
Site F-9, Wing II, Technical Note, Air Force Weapons Laboratory, Kirtland
Air Force Base, New Mexico, in review (SRD).
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Dry Clay: O to 8t (fig. 10)

From experimental contours a seismic velocity between 1200 and 1400 ft/sec was
indicated and the upper limit was judged to better represent the seismic prop-
erties of in-situ soil. The seismic toe was extended to a pressure level of
50 psi (determined from CIST 13 and CIST 14 iterations to be satisfactory for
accurate dry-soil behavior). The intermediate slope was defined as 80 percent
of the seismic velocity, and the Tock-up point of 4 percent was maintained.
The unloading slope was identical to the seismic loading toe of the material,
and the laboratory yield surface determined by WES was used.

Wet Clay: 8 to 16 ft (fig. 11)

Seismic velocity from experimental contours resulted in a value of 4500 to
5000 ft/sec. Again the upper 1imit was used because the effective water table
was determined by the analysis to be 8 ft below the surface, and materials be-
Tow this point should have velocities approximately equal to that of water
(i.e., 5500 ft/sec). This seismic toe extended to a pressure of 100 psi as
indicated by CIST 13 and CIST 14 iterations. The 1 percent lock-up strain at
1700 psi was consistent with previous models, and the intermediate slope was
established by the lock-up point and the seismic toe. The unloading slope

was assumed to be identical to the seismic toe, and the laboratory yield sur-
face was used.

Upper Limestone: 16 to 20 ft; 32 to 34 ft (fig. 12)

Because of its high-strength characteristics, the limestone was modeled as a
Tinearly elastic material determined by a seismic velocity of 10,400 ft/sec.
Laboratory testing defined a yield surface with a tension capability of 1000 psi.

Limestone/Shale Composite: 20 to 32 ft (fig. 13)

Experimental contours indicated a seismic velocity of 8400 ft/sec, which was
extended to 200 psi. A lock-up strain value of 0.5 percent at 5500 psi was
maintained, and the intermediate loading slope was determined from the termin-
ation point of the seismic toe and the lock-up strain. The unloading slope
was assumed to be identical to the seismic toe, and the laboratory yield sur-
face for the composite model was used with a 29-psi tension cutoff.
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Shale: 34 to 42 ft (fig. 14)

A seismic velocity determined from the experimental contours indicated a velo-
city of 9100 ft/sec, and the material was modeled as linearly elastic based on
tﬂe hydrostat suggested at the June 1976 meeting. Laboratory data were used
to define the yield surface with a tension cutoft of 36 psi.

Coal: 42 to 46 ft (fig. 15)

A seismic toe corresponding to 7100 ft/sec and extending to 200 psi was used
to define the initial slope of the hydrostat. The intermediate slope was de-
fined by 80 percent of the seismic velocity, and the lock-up point of 0.5 per-
cent from the June 1976 meeting was maintained. The unloading slope corres-

ponded to the seismic toe, and laboratory data defined the yield surface. The
tension cutoff was 29 psi.

Underclay: 46 to 52 ft (fig. 16)

Original contours developed from the experimental data indicated a seismic ve-
locity of approximately 3400 ft/sec. Because the material is located below the
water table, a higher velocity (5000 ft/sec) seemed more reasonable. The labora-
tory data for the underclay were thus reviewed and it was observed that the wet-
clay hydrostat was within the bounds of the scatter for the laboratory results.
Based on this, the wet-clay hydrostat was adopted for the underclay, and the
yield surface was defined by WES laboratory tests. The tension cutoff was 0 psi.

Deep Limestone: 52 to 60 ft (fig. 17)

As with the shallow limestone layers, linearly elastic stress/strain properties
were used with a seismic velocity and hydrostat corresponding to 13,300 ft/sec.
This reflected the concern of WES that the deep limestone is more competent
than the shallow limestone. The yield surface was developed from WES labora-
tory tests. The tension cutoff was 1000 psi.

Limestone/Shale Basement Composite: 60 ft to = (fig. 18)

The material was modeled as linearly elastic with a seismic velocity of 10,400
ft/sec determined by experimental contours. The laboratory yield surface with
a tension cutoff of 1000 psi was used.
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SECTION 4
ANALYSIS OF CALCULATION HPI-3.4

The BLEST/HEST pressure functions and propagation velocity defined by the
equations and data in section 2 were used in calculation HPI-3.4. The HPI-3.4
geology is shown in figure 8, profile 8, and the material properties are given
in figures 10 through 18. As a result of an investigation of the effect of
zone size on calculational accuracy (ref. 6), the region of primary concern
(from the 190- to the 800-ft range to a depth of 60 ft) was zoned with a finer
' . mesh than that used in the previous calculations. Mesh size was 2.5 ft heri-
_ zontally by 2 ft vertically except in the limestone layers, in which the depth
= was 1 ft. OQutside this region, zones expanded arithmetically. From O to 190
: ft, zones decreased horizontally from 7.5 to 2.5 ft in 38 zones at a rate of
0.135135 ft per zone; from 800 to 1000 ft, they expanded horizontaily from
2.5 to 7.5 ft in 40 zones at a rate of 0.128205 ft per zone. From the 60-ft
depth to the bottom of the problem area, zones expanded vertically at a rate
of 0.116279 ft per zone.

FIRST-ARRIVAL CONTOURS

Contours developed from the experimental data, the HPI-3.4 data, and the TOAC
Program, which calculated the time-of-arrival using the seismic velocities and
geology described earlier in this report, are shown in figure 19. It can be !
seen that differences result from waveform interpretation and contour evalua- 4
i tion. Differences also result because of scatter in the experimental data; 5
i this scatter was as much as 3 msec for the same range and depth but different "
cross ranges. Additional differences were introduced because of the assump-
i tion of homogeneous, horizontally layered geology in the TOODY II and TOAC
Codes, when the actual geology was nonhomogeneous with a 2-percent grade. The
greatest factor which contributed to contour variation was the interpretation
‘ used to establish the contours through the data. Because of this a number of
different contours which would fit the data adequately could be drawn. The
contours shown in figure 19 are the result of several iterations of contour
plotting and they reflect the best fit. It should be pointed out that the
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headwaves emanating from the outrunning signal at 16 to 20 ft and at 52 to 60
ft were not indicated in the calculated waveforms by initial upward motion be-
cause of numerical difficulties, the resolution power of the finite-difference
mesh, and the inability of the code to orthogonally transform motion.

Time contours of peak vertical velocity for the experiment and the calculation
are shown in figure 20. The agreement is fairly good down to a depth of 45 ft,
at which major differences occur. Timing of the calculated peak lags the ex-
perimental data; this indicates that the slope of the upper portion of the
hydrostat could be increased to account for a higher propagation velocity or
that the BLEST effects (i.e., outrunning phenomenon) were not accurately pro-
duced by the code. Another possible cause is that in the experiment the peak
selected in the deeper materials was a result of the BLEST or upstream loading,
and the peak selected in the calculation was a result of the HEST loading or
locally induced. The upstream effects may have been lost in the waveform be-
cause of either timing or insufficient magnitude of the calculated upstream

signal component. It is impossible at this time to determine what was in error.

Figure 21 is a contour plot of the times of peak horizontal (outward) motion
for the calculation and the experiment. These contours indicate good timing
between the 16- and 46-ft depth but poor timing above and below this zone.
Part of the difference is due to the fact that the arrival of absolute peak
was plotted, even though it may have been induced by different phenomena. The
peak horizontal (outward) velocity in the experiment was generally associated
with the incident wave, whereas in the calculation the peak in some instances
occurred late and was due to the superposition of several waves. Also, with
the dry and wet clays (0 to 16 ft), the code appears to have difficulty in
transforming the completely vertical motion produced by the surface airblast
to horizontal motion.

PEAK VELOCITY ATTENUATIONS

Vertical velocity attenuations versus depth for various ranges for the HPI-3.4
calculation, previous calculations, and the experiment are presented in appen-
dix A. Analysis of these plots reveals that (1) the peak velocity at the
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surface could be decreased approximately 10 to 15 ft/sec and attenuated less
with depth from 0 to 16 ft, and (2) the peak velocity below 16 ft was approxi-
mately constant in the experiment, and the calculation overestimated the velo-
cities at the 585-ft range but agreed fairly well at greater ranges.

Analysis of the peak horizontal velocity attenuations cannot give conclusive
results because of the experimental data scatter, which was much greater than
that for the vertical velocities. However, some very general statements can

be made about the comparison of experimental and calculated data. In the
near-surface materials (0 to 16 ft) the calculated horizontal motion was ap-
proximately 50 percent low, consistently, throughout the HEST region. Below
the first limestone layer (16 to 20 ft) and above the deepest 1limestone layer
(52 to 60 ft), the horizontal velocities attenuated with range too rapidly com-
pared with the experimental velocities. At the 585-ft range the horizontal ve-
locities were underpredicted by 30 percent, and this increased to 60 percent

at the 725-ft range. As mentioned earlier, it appears that the code poorly
predicts horizontal motions which result from a perfectly vertical pressure
function. Whether this is due to the equation-of-state in the code, the as-
sumption of isotropy, or poor modeling of BLEST and other upstream effects re-
mains to be studied.

An interesting characteristic of the attenuation of both peak vertical and
horizontal velocity with range for a given depth is the large peak at the 585-
ft range and the roughly constant peaks for other ranges (fig. 22). The 585-ft
range responds to the last BLEST impulse zone, which has a considerably larger
initial impulse than the HEST (12 psi-sec as compared with 6 psi-sec for the
first 8 msec of HEST). This character of the attenuation reflects both the
discontinuity in the type of surface loading between the HEST and BLEST and

the relatively uniform loading across the HEST. Analysis of upstream and
Tocally induced effects remains to be studied.

WAVEFORMS

A study of the vertical and horizontal waveforms (appendix B) supports the pre-
viously mentioned points on contours and attenuations. By waveform comparisons,
additional information was gained concerning the frequency content and major
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characteristics of the waveform. The vertical waveforms were fairly good and
were greatly improved compared to the pretest results with respect to the tim-
ing of first motion, peaks, and frequency content. Because of data scatter
and inconsistent comparisons of horizontal waveforms, no definitive statement
can be made concerning the accuracy of the calculation. However, the horizon-
tal waveforms from the HPI-3.4 calculation were as good as, and in some cases
better than, the waveforms from the pretest calculation.

MODIFICATION FOR SMI INPUT

One of the objectives of this post-test calculation of HARD PAN I Event 3 was
to generate input for the SMI3D Code, which is used to calculate structural
responses. In addition to the actual data from the HPI-3.4 calculation, em-
pirically modified data which matched the experimental data more accurately
were used. Since time-of-arrival data appeared to be relatively accurate,
these modifications amounted to changing the magnitude of the velocities. This
was done by applying multiplication factors which were a function of depth to
the entire velocity/time history. These multiplication factors were derived
from trying to match peak vertical and horizontal velocities throughout the
entire HEST region. For this reason, agreement was better at some ranges than
at others. Figure 23 shows peak vertical and peak horizontal attenuations for
the experimental, calculated, and adjusted calculated data.
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SECTION 5
CONCLUSIONS AND RECOMMENDATIONS

The BLEST pressure function used in the pretest and posttest calculations is
accurately modeled based on the impulse values calculated from a 1imited num-
ber of experimental BLEST pressure records. However, peak vertical velocity
attenuations from the HPI-3.4 calculation indicate that the BLEST pressure
functions and/or the contribution of BLEST effects to the waveform are not ac-
curately duplicated. Future research will be directed toward separation of
the BLEST or upstream and HEST or locally induced effects, both in the calcu-
lated and in the experimental waveforms, to determine their significance.

A new HEST pressure function and propagation velocity were developed based on
comparison of pretest pressure functions and experimental data; these were in-
corporated in the posttest input. Results from calculation HPI-3.4 indicate
that the HEST is accurately modeled based on agreement of vertical velocity
attenuations in the down-range region with the experimental data.

Contours were developed from the time of the first arrival indicated on the
experimental integrated accelerometer (i.e., velocity) plots. These contours
were then studied as to their applicability to each of the various geologies
(fig. 8). From this study, profile 8 and the contours shown in figure 9 are
recommended.

New material models were developed; these models incorporate seismic toes on

the hydrostat corresponding to the seismic velocity determined from the exper-
imental contours extending to a minimum pressure level of 50 psi for dry clay
and as high as 200 psi for other materials. Thus, the time of first arrival

in the calculation matched the time of first arrival in the experiment, and it
was expected that this would aid in more accurate phasing of other ground-motion
phenomena. With materials such as the limestone and basement composite, a lin-
early elastic hydrostat corresponding to the seismic velocity could be used. The
upper portion of the hydrostat and the unloading slope correspond to the seismic
velocity, and hysteresis is determined by passing the unloading curve through
the lock-up point. The contour and waveform comparisons indicate that the
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timing of first arrival is fairly accurate, especially for vertical waveforms.
Calculated horizontal waveforms are in the poorest agreement with the experi-
mental data; this may be the result of inaccurate duplication of the BLEST or

upstream effects or the inability of the code to transform vertical motion to
horizontal motion.

Despite isolated differences which exist between the calculated and experi-
mental data, the HPI-3.4 calculation is a significant improvement over the
pretest calculations and posttest calculation HPI-3.3. The results of this
calculation indicate that both laboratory and in-situ properties are neces-

sary for adequate in-situ modeling of soil stress/strain properties and pre-
diction of ground-motion phenomena.
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APPENDIX A

PEAK VELOCITY ATTENUATION PLOTS
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APPENDIX B
WAVEFORM PLOTS

The plots in this appendix are labeled as described in the following examples:
« Experimental Record: 8-33-2 AV #117
8 - Range from front of HEST cavity (ft)
33 - Cross range (ft)
2 - Depth (ft)
AV - Integrated accelerometer with vertical (V)
or norizontal (H) orientation
#117 - Gage number
« Calculated Time History: HPI-3.4 (585-2) (.8X)
HPI-3.4 - Calculation number (Fourth calculation of
HARD PAN I Event 3)
5385 - Range from ground zero (ft)
2 - Depth (ft)
.8X - SMI adjustment factor

For vertical velocity, down is positive; for horizontal velocity, away from
ground zero is positive.

The calculated data are based on nuclear ground zero; the experimental data
begin at the HEST region. Therefore, a distance of 575 ft must be added to
the x-coordinate of the experimental data to compare equivalent range data.
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ABBREVIATICNS, ACRONYMS, AND SYMBOLS

Cp seismic velocity

D depth

KL loading bulk modulus

Ku unloading bulk modulus

P0 peak pressure

R range from theoretical ground zero

t time from detonation

ty airblast time-of-arrival
- ty duration

a inclination angle of wavefrunt to horizontal
: density

Poisson's ratio
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